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ABSTRACT 
 Knowledge of the elastic properties of materials under high pressures and 
temperatures is important in planetary science as well as giving a more comprehensive 
understanding of material properties in general.  Molybdenum was subjected to pressures of 
20 GPa and temperatures of 423 K.  In situ measurements of the pressure variation across 
molybdenum were combined with interference measurements of the gasket thickness under 
ambient conditions.  This allowed for the determination of the yield strength of molybdenum 
under extreme conditions. The results indicate that molybdenum’s yield strength increases 
from 0 GPa to 20 GPa and decreases from 293 K to 423 K.
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CHAPTER 1: INTRODUCTION 
Motivation 
With the use of diamond anvil cells (DACs), scientists can study various materials 
subjected to pressures in the giga-Pascal (GPa) range. Materials are studied under high 
pressure to advance our knowledge of planetary science, to synthesize new materials and to 
investigate specific properties which may include but are not limited to: chemical, electrical, 
magnetic, structural, or thermal.
1
  When materials are compressed between two diamonds 
(usually in a pressure transmitting medium), one must construct a sample chamber, a gasket, 
to prevent the material from flowing out of the DAC. The gasket material must be able to 
withstand extremely high pressures and temperatures (if the sample is also studied under high 
temperature) with minimal or no structural failure.  
There are many applications of high pressure and temperature (P-T). Under such 
conditions, scientists can synthesize new materials to be studied and used.
2,3,4,5
 For example, 
under high pressures and high temperatures, graphite is converted to diamond.  This is done 
on an industrial scale, with synthetic diamond production being three times larger than what 
is mined from the earth.  Newly synthesized materials may possess new, unique and desirable 
properties such as increased material strength, superconductivity, etc. High P-T studies are 
also used for geological studies of different materials, particularly planetary studies. These 
studies provide scientists with a unique ability to understand how materials behave in 
extreme environments such as planetary interiors.
6,7,8
  For example, under the conditions 
found inside of Jupiter, hydrogen is a liquid metal and is responsible for Jupiter’s magnetic 
field.  The experiment described in this thesis aims to understand how the shear strength of 
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molybdenum behaves under high pressure and temperature, both to uncover a fundamental 
property and to help determine if it is a suitable gasket material for future high P-T studies.  
Studies on molybdenum (Mo) show no phase transitions under pressure and 
temperatures below 100 GPa or 473 K.
9 
 This makes Mo a desirable metal not only in 
electronics and manufacturing industry, but also in high pressure physics.
10
 The purpose of 
the present study is to relate the yield strength of Mo as a function of pressure and 
temperature under nonhydrostatic conditions. A DAC was used to apply pressure to the 
sample (gasket) material Mo with an external heating source to change the temperatures 
inside the cell and sample. The pressures were measured radially across the sample by 
employing the ruby fluorescence technique to find minimum, maximum, and in-between 
pressures.  
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CHAPTER 2: THEORY 
Elastic Properties 
 Of the physical properties one can study, the elastic properties of materials in high 
pressure physics is extremely important. The properties of a gasket material can severely 
limit and often dictate the maximum pressures a particular DAC can reach. Structural 
properties fall into two distinct classes, microscopic and macroscopic. The microscopic 
properties include crystal structure and unit cell volume. Some macroscopic properties 
include Young’s modulus (E), shear modulus (G), and bulk modulus (K). Young’s modulus 
describes how an object responds to compressive/tensile forces (eqn. 2.1). Shear modulus 
describes how an object responds to shear forces, (eqn. 2.2). The bulk modulus describes 
how an object responds to external pressure (eqn. 2.3). These three structural properties are 
termed elastic properties which describe the elastic nature of materials. The yield strength 
(Y), another structural property, is related to a material’s elastic properties and will be 
explained in further detail later. 
 𝐸 = (
𝐿0
𝐴
)
𝑑𝐹𝐶𝑇
𝑑𝐿
 (2.1) 
 𝐺 = (
𝐿0
𝐴
)
𝑑𝐹𝑆
𝑑𝑥
 (2.2) 
 𝐾 = (−𝑉0)
𝑑𝑃
𝑑𝑉
  (2.3) 
In the above equations, dFCT is the differential change in compressive/tensile force and dFS is 
the differential change in shear force per unit area, A; L0 is the initial length of an object and 
dL is the change in an object’s length; V0 is the initial volume of an object, dV is the change 
in an object’s volume under a change in pressure, dP; and dx is the change in transverse 
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displacement of an object subjected to shear forces. Figure 1 gives an illustration of these 
elastic constants.  
 In this experiment, pressure being exerted on a body is the external stress (σ) which is 
defined as the average force (F) divided by the area (A) that it is acting on. 
 𝑃 = 𝜎 =
𝐹
𝐴
 (2.4) 
Typically stress is applied externally, however there can be internal stresses in the absence of 
an external one or can be induced by external stress. There are two directions stress can be 
applied: normal and shear. Normal stresses are applied perpendicular to the cross-sectional 
area while shear stresses are applied parallel to the cross-sectional area. An illustration of this 
can be found below in figure 1.  The arrows denote the direction of the applied stresses.  
 The bulk modulus, shear modulus, and Young’s modulus are called elastic constants. 
Each material has its own unique set of elastic constants. Any material, when stretched or 
compressed, has some elasticity. This means that there is a particular parameter such that 
under small stresses, the material will elastically return to its normal state unchanged when 
the stress is released. When a material is pushed past this particular point (plastic 
deformation), it is permanently changed and will not return to its original state. The amount 
of stress required to plastically deform a material is defined as the yield strength. This 
implies that under plastic deformation, a material fails to respond and return to its original 
state when the external stress is removed.  
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 Figure 1 Illustration of a) Young’s modulus, b) shear modulus, and c) bulk  
    
   modulus. 
Yield Strength 
 Some of the preliminary work on yield strength of materials was done by Sung et. al. 
while investigating the radial distribution of pressure across different samples of fayalite.
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His work is similar to this experiment where a DAC is used, along with the ruby fluorescence 
method, to determine the radial distribution of pressure for Mo. 
 There are up to nine different stress components that need to be considered. These 
components can be expressed as a square matrix (eqn. 2.5) and are illustrated in figure 2.  
 𝜎 = [
𝜎𝑥𝑥 𝜎𝑥𝑦 𝜎𝑥𝑧
𝜎𝑦𝑥 𝜎𝑦𝑦 𝜎𝑦𝑧
𝜎𝑧𝑥 𝜎𝑧𝑦 𝜎𝑧𝑧
] (2.5) 
The first subscript term refers to what plane the stress is applied to, which is given by the 
normal to the plane. The second subscript is the direction in which the stress is applied. For 
example, 𝜎𝑥𝑦 is a force in the y-direction on a plane whose normal lies in the x-direction. 
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 Figure 2 Illustration of the nine stress components.  
 If there are no net torques applied to the region in question, then 𝜎𝑥𝑦 = 𝜎𝑦𝑥, 𝜎𝑧𝑥 = 𝜎𝑥𝑧, 
and  𝜎𝑦𝑧 = 𝜎𝑧𝑦, and the tensor is reduced to six components where by convention: 𝜎1 = 𝜎𝑥𝑥, 
𝜎2 = 𝜎𝑦𝑦, 𝜎3 = 𝜎𝑧𝑧, 𝜎4 = 𝜎𝑦𝑧, 𝜎5 = 𝜎𝑧𝑥,  and 𝜎6 = 𝜎𝑥𝑦 .
11
 The tensor can now be written as 
a column matrix: 
 𝜎 =
[
 
 
 
 
 
𝜎𝑥𝑥
𝜎𝑦𝑦
𝜎𝑧𝑧
𝜎𝑦𝑧
𝜎𝑧𝑥
𝜎𝑥𝑦]
 
 
 
 
 
=
[
 
 
 
 
 
𝜎1
𝜎2
𝜎3
𝜎4
𝜎5
𝜎6]
 
 
 
 
 
 (2.6) 
Under compression the principal (uniaxial) stresses are 𝜎1, 𝜎2, and 𝜎3while 𝜎4, 𝜎5, and 𝜎6 are 
shear stresses. 
 All materials will experience strain under applied stress. The strain (ε) is defined as 
the fractional change in length, area, or volume of a material in response to an external 
stress.
11
 Stress and strain are related by the following equation: 
 𝜀 = 𝑆𝜎 (2.7) 
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where S is the elastic compliance tensor. It describes how a particular material responds to 
external stresses. Because stress is proportional to strain, strain can also be written as a 
column matrix, however the elastic compliance tensor, which is a rank four tensor, can be 
written as 6x6 matrix.  
 
[
 
 
 
 
 
𝜀1
𝜀2
𝜀3
𝜀4
𝜀5
𝜀6]
 
 
 
 
 
=
[
 
 
 
 
 
𝑆11 𝑆12 𝑆13 𝑆14 𝑆15 𝑆16
𝑆21 𝑆22 𝑆23 𝑆24 𝑆25 𝑆26
𝑆31 𝑆32 𝑆33 𝑆34 𝑆35 𝑆36
𝑆41 𝑆42 𝑆43 𝑆44 𝑆45 𝑆46
𝑆51 𝑆52 𝑆53 𝑆54 𝑆55 𝑆56
𝑆61 𝑆62 𝑆63 𝑆64 𝑆65 𝑆66]
 
 
 
 
 
[
 
 
 
 
 
𝜎1
𝜎2
𝜎3
𝜎4
𝜎5
𝜎6]
 
 
 
 
 
 (2.8) 
If stress is applied along a single axis (uniaxial), then the pressure distribution will be 
cylindrically symmetrical along that axis. More specifically, if the stress is applied in the z 
direction, causing deformation along the z axis, then the yield strength can be determined 
from the uniaxial stress component σ3, and the uniaxial stress component σi that is 
perpendicular to σ3.
12
  
 𝑌 = 𝜎3 − 𝜎𝑖;        𝜎𝑖 = 1 or 2  (2.9) 
Point Defects 
 An infinite, perfect crystal is a repeating or periodic arrangement of a particular 
crystal lattice, free of impurities or irregularities. Models of ideal crystals are used in ab 
initio calculations to determine the ideal upper limit of a crystal’s strength. The same 
simulations can also determine elastic constants and other properties of a particular 
material.
13,14
 Real crystals are not perfect but have various defects and impurities.  One type 
of defect is known as the point defect.  They can include, but are not limited to lattice 
vacancies or diffusion of atoms into other areas of the lattice.
1,11
 A lattice vacancy is 
described as an atom/ion missing in the lattice or an atom/ion that has moved to a different 
region. Another type of point defect is the diffusion of atoms into the crystal lattice. Because 
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most crystals are not subjected to temperatures near absolute zero, impurities and vacancies 
will always occur.
15
 Another type of defect is self-diffusion: when atoms from the crystal 
itself move to non-lattice sites. These defects, especially diffusion of impurities can change a 
crystal’s properties (e.g. luminescence, conductivity, plasticity, etc.). These defects can also 
play a role in the plasticity of a crystal.
11
 
Dislocations, Grain Boundaries, and Slip 
 Dislocations are more commonly regarded as discontinuities or irregularities in an 
otherwise perfect crystal. Unlike lattice vacancies or impurities, dislocations happen over a 
much larger region within the crystal. Outside of this region, the crystal returns to its normal, 
uninterrupted lattice structure. There are many theories with possible explanations of 
dislocation formation, however one fact remains consistent – dislocations are inherent to 
crystal formation and cannot be avoided entirely.
1,15–21
 There are several different types of 
dislocations, two of the simplest and most common will be discussed to a limited extent. 
Straight edge dislocations are simple straight-line deformations that occur with most 
crystal lattice types. These dislocations are the beginning or ending of partial atomic planes 
within the crystal lattice (fig. 3).
15–18,21
 This will cause neighboring atoms to be displaced by 
one interatomic distance or lattice translation vector.
21
 This also causes local distortions or 
changing of bond distances and angles surrounding the dislocation. These distortions are 
illustrated in figure 3 which indicate that the edge dislocation affects atoms perpendicular to 
plane with its edge, PD, extending out of the paper. The lattice will return to its original 
shape further away from the location of the dislocation, assuming no other dislocations are in 
the immediate vicinity. 
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Screw dislocations are another type of straight-line deformation that occur in BCC 
metals such as Mo.
22,23
 This dislocation can be described as a whole plane of atoms being 
shifted by one interatomic distance or lattice translation vector. In figure 4, the dislocation 
occurs parallel to the plane (darkened region) of interest and can be seen as region A shifted 
upward or region B downward. This also causes local distortions in bond distances and 
angles with surrounding atoms. Local distortions have a spiral or helical nature
15,17,21–23
 as 
seen in figure 4.  
 
Figure 3 Illustrations of an edge dislocation.
21
 
 
Figure 4 Illustration of a screw dislocation.  
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Increasing Material Strength 
 As previously mentioned, most metal lattices, regardless of purity, have a tendency to 
contain some distortion or disorder within the material. In metal foils, such as the one used in 
this experiment, there exists large portions of crystal lattices that are oriented differently from 
one another. These portions are what are known as crystallites or grains. Many theories
16–
18,24–27
 have attempted to explain how such grains affect the elasticity as well as plasticity of 
metals or materials in general. 
 One of the earliest investigations explaining the relationship between dislocations, 
plasticity, and material strengthening was done by Taylor (1934). He suggested that perfect 
crystals should have a high stress limit and that weaknesses in a crystal are due to ‘cracks.’ 
These cracks were termed dislocations. Because of the existence of dislocations, materials 
are able to plastically deform by movement of dislocations through slip. It was also 
suggested that the increase in strength of a material, along with plastic strain, is a result of an 
increase in dislocations as they move via slip on parallel planes.
18,25
 Dislocations will begin 
to build up near the grain boundaries or around other objects that will impede the flow, 
causing the material to strengthen.
26
 This effect is known as work hardening. 
 It was later discovered that the strength of the material could also be affected by the 
size of its grains.
19,20,24,26,27
 Originally discovered through experiment by Sylwestrowicz and 
Hall (1951), they showed qualitatively that the lower and upper yield points of a material are 
correlated to the size of its grains. Petch (1980) later provided a mathematical relationship 
between material strengthening and the size of a crystal grain. The yield strength of a 
material is inversely proportional to the square root of the grain size.
1,19,20
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Ruby Fluorescence 
 Prior to ruby fluorescence, in situ determination of pressure came from measuring 
specific volume measurements of well-studied metals such as Cu, Mo, Pd, and Ag.
28
 
However, it was noted that the peak position of ruby florescence shifts with pressure and that 
it could be used as a pressure calibrant.   Specific volume measurements of metals, along 
with force per unit area measurements
29
 were used to calibrate the ruby fluorescence line 
shifts with pressure. Currently, ruby fluorescence is highly employed in the area of high 
pressure research
28,30–33
 due to distinct and desired properties ruby has as a pressure marker: 
1) Ruby has minimal if any reaction to most environments (samples) it is placed in. 2) The 
line shifts sufficiently with pressure and temperature to allow for accurate pressure 
determinations. 3) The fluorescence lines are easy to measure and 4) They have been well 
studied.
30,34–38
  
 Ruby is corundum, α-Al2O3, doped with Cr
3+
 ions. The Al atoms occupy two thirds of 
the octahedral sites in the hexagonal-close-packed Al2O3 lattice with Oh symmetry. However, 
repulsion between neighboring Al atoms produces a perturbation in the lattice, leading to 
trigonal distortion thereby reducing the overall symmetry to C3 due to loss of inversion 
symmetry.
1,28,30–33
 When Al2O3 is doped with chromium, the Cr
3+
 ions replace some of the Al 
ions which produces another perturbation due to spin-orbit interaction. The trigonal distortion 
along with the spin-orbit interaction causes splitting in various energy levels of the chromium 
energy levels.  The energy levels 
4
T1, 
2
T2, 
4
T2, 
2
T1,
2
E, and 
4
A2 originate from the cubic field 
terms (Oh symmetry) of the corundum lattice. The spin-orbit interaction from Cr ions splits 
the 
2
E into two separate energy levels 2𝐴 ̅and 𝐸 ̅. Consequently, the chromium impurity is 
responsible for the observed fluorescence from ruby.
31–33
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 Ruby fluorescence can only occur when excited by photons In figure 5, the most 
efficient excitation occurs from pumping of the broad green band or broad blue band. 
31–
33,36,39
Although not shown, there is a split in 
4
T1 and 
4
T2 as a consequence of the trigonal 
distortion from Al-Al neighbor atom repulsion. Once the valence d electrons are excited, they 
will transition – in a nonradiative process – to the 2E state which is split into the 2𝐴 ̅ and 𝐸 ̅ 
levels.  Electrons in these two states will transition to the ground state 
4
A2. These transitions 
result in two fluorescence lines: R1 from 𝐸 ̅ and R2 from 2𝐴 ̅. These two fluorescence lines, 
particularly the R1 line, are used to measure in situ pressures in a DAC. 
8,28–34,36,39–45
 
 
 Figure 5 Diagram of energy levels for ruby fluorescence. 
Pressure Determination Using Ruby Fluorescence 
 Forman et. al. (1972) discovered that ruby fluorescence lines could be used to 
precisely measure pressures inside of a DAC. After discovering this technique, initial 
studies
28,34,44
 attempted to determine an equation for in situ pressure. The work of Mao et. al. 
(1978) resulted in an equation that is used for nonhydrostatic pressure studies: 
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 𝑃(𝐺𝑃𝑎) =
𝑎
𝑏
[(
𝜆0 + Δ𝜆
𝜆0
)
𝑏
− 1] (2.10) 
where Δλ is the difference between the R1 line under pressure, λ(P), and the R1 at STP, λ0. 
The empirical constants for equation 2.6 are:  a = 1904.0 GPa, b = 5.0, and λ0 = 694.268 nm. 
This equation calculates pressures at room temperature (fig. 6), but does not take into account 
the R1 line shift for temperature. The formulation for the temperature dependence of the R1 
line has been studied extensively
37,46–48
 and the equation
49
 used in this experiment is given 
by: 
 𝑃(GPa) =
𝑎′
𝑏′
[(
𝜆
𝜆𝑇
)
𝑏′
− 1] (2.11) 
 𝑎′ = 1915.0 GPa + 0.622
GPa
K
∗ (𝑇 − 298) (2.12) 
 𝑏′ = 9.8 − [0.024K−1 ∗ (𝑇 − 298)] − [8.20 ∗ 10−7 K−3 ∗ (𝑇 − 298)2] (2.13) 
 𝜆𝑇 = 694.268 nm + [0.0063 
nm
K
∗ (𝑇 − 298)]  (2.14) 
Equation 2.7 allows one to calculate in situ pressures at different temperatures by accounting 
for the wavelength shift, λT, due to temperature as well as the variables a’ and b’. 
 
 Figure 6 Ruby fluorescence at a) STP conditions and at b) P = 10.69 GPa.   
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CHAPTER 3: EXPERIMENTAL METHODS 
Introduction 
In the first half of the twentieth century, high pressure research was dominated by the 
Bridgman anvil and piston-cylinder device. These devices were capable of obtaining 
pressures of up to around 100 kilobars (10 GPa). In the latter half of the century, significant 
improvements were made, all leading to the creation of the diamond anvil cell which can 
generate pressures well above 1000 kilobar (100 GPa).
41
 Today there exist many variations 
of cells including: Mao-Bell cell, Merrill-Bassett cell, symmetric cell, etc. Different cells 
offer different specific advantages, such as size, ease of alignment or accessibility. In this 
experiment, only the Merrill-Bassett cell was suitable due to the large space around the 
diamonds that was needed in order to insert an external heating system.   
Mounting/Aligning Diamond Anvils 
The Merrill-Bassett cell, which can be purchased or custom made using appropriate 
equipment, needs diamonds affixed to it in order to complete the cell. The first step to 
affixing the diamonds to the cell is to cut zirconium foil pieces a bit larger than the size of 
each diamond table. The purpose of the foil is to smooth out any irregularities on the surface 
of the backing plate. If the diamonds were mounted unevenly, the diamonds could fail 
prematurely. Once cut and shaped, the foil pieces are then placed on two seats with holes in 
the center of each. The hole allows light to pass through the seat and center of the diamond. 
After centering the diamond on the foil, the seat (with the diamond) is placed in a mounting 
jig. The jig serves as an alignment tool to align the culet of the diamond with the center of the 
hole of the seat. While the jig is holding the diamond in place, any excess foil larger than the 
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diamond is removed. Epoxy is applied to cover most of the diamond’s surface to adhere it to 
the seat and keep the diamond secured in place while under pressure. 
Alignment of the diamonds is critical to achieving high pressures. If the DAC is not 
aligned properly, serious and irreversible damage can be done to the diamonds while under 
pressure. There are two steps to the alignment process: centering and parallelizing. The first 
step is to center the diamonds on one another (see figure 7). While the centering process is 
taking place, the diamond anvils have to be rotationally aligned so that the corners and sides 
match up perfectly (figure 8).While the cell is closed and diamonds are in contact (under no 
pressure), the cell is viewed from the backside of either diamond using a microscope. If the 
diamonds are not centered on one another, the edge of the other diamond (farthest away from 
the microscope objective lens) can be seen.  
 
Figure 7 Illustration of the DAC being a) centered and b) parallelized to obtain  
c) the correct alignment. 
The alignment screws are used to move the seats (with the diamonds) laterally, 
parallel to the plane of interface between the two diamonds. Figure 9 depicts the lateral 
movement of the diamond anvil epoxied to the seat. The screws are tightened or loosened to 
align one anvil to another.  
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Figure 8 The figure illustrates the rotational alignment of two diamond anvils. 
 
 
Figure 9 Head on view of one half of the Merrill-Bassett cell depicting lateral 
movement of the anvil/seat using the three alignment screws. 
The other half of the alignment process is parallelism. After centering and cleaning 
the diamonds, they are again allowed to sit on one another under no pressure. In figure 10, 
trapped air between the two diamonds causes an interference pattern, labeled a, between the 
two diamonds. Tightening and loosening the socket head screws will change the position of 
the interference pattern. In order to parallelize the anvils, the socket head screws must be 
tightened in the direction opposite of the curvature of the interference pattern. Once the 
pattern disappears, then the anvils are parallel to each other. In figure 10, the arrows on the 
left indicate the direction the interference pattern needs to be moved. The direction in-turn, 
indicates the correct screws that need to be tightened. If not parallelized properly, the 
Socket head 
screw 
Seat 
Diamond 
Alignment 
screw 
Guiding  
post/hole 
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diamonds will not sit flat and the possibility of damage to the anvils becomes significantly 
higher. 
 
Figure 10  Interference patterns within the DAC due to non-parallelism. 
Raman System 
Data collection of ruby fluorescence spectra was carried out using Raman systems. 
The original system that has already been calibrated and aligned was used to calibrate and 
align the new, modified Raman system shown in Fig. 1-3. In order to determine the change in 
pressure (dP) as a function of radial distance (dr), the spot size of the region where pressure 
was measured had to be minimized.  
 The Raman system itself has two setups, an original system setup and a newly 
modified system setup (for this experiment) shown in figures 11 – 16. In both setups, the 
power output of the 532 nm laser was reduced using three neutral density filters (O.D. 0.2-
0.4) in order reduced localized heating of the ruby. The laser beam first passes through M1 
which is a system of two mirrors that bring the beam to the same height as the sample and 
spectrometer. The original and modified systems then take different paths to the sample.  
In order to revert to the original system, M2 can be removed from its magnetic mount 
and M5 is a flip mirror which can be flipped down to allow the beam to move to the 
beamsplitter. The 50/50 beamsplitter allows half of the beam to pass through it and the other 
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half transmitted to objective 1. Objective 1 focuses the beam on the sample with deposited 
ruby microspheres. When the laser is incident on the sample, three types of light are present: 
ruby fluorescence, Raman (inelastic) backscattered light, and Rayleigh (elastic) backscattered 
light. All three will travel back through objective 1 and the 50/50 beam splitter to lens 1 
where the 532 nm edge filter blocks the Rayleigh light and allows the Raman and ruby 
fluorescence light to pass through. The spatial filter is not used in the original setup and can 
be moved out of the beam path. When the flip mirror M6 is up, a CCD detector connected to 
a monitor is used to visually bring the image into focus. The setup is such that when the 
image is focused on the CCD detector, it is simultaneously in focus with the spectrometer as 
well. M6 can be flipped down to allow the beam to move on to objective 2 focusing the beam 
(data) on the detector in the spectrometer. 
The modified setup is nearly identical to the original one, with the addition of four 
mirrors (M2-M4), a 10X beam expander (fig. 15), and a spatial filtering system (fig. 16) 
consisting of objective 2 and a 20 μm pinhole. The purpose of the spatial filter is to collect 
data from a spot size of ~2 μm and filter out light from surrounding regions. Using equation 
3.1, one sees that to minimize the focused beam diameter, df, the initial beam diameter, de, 
needs to be expanded.
1
 The initial beam is expanded using a custom-made beam expander. 
Focusing can also be maximized by decreasing the wavelength λ of the laser or focal point f 
of the objective. 
 
𝑑𝑓 =
4
𝜋
𝜆𝑓
𝑑𝑒
 3.1 
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Figure 11  System setup showing both the modified and original Raman system  
configuration including beam path illustration. 
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Figure 12  Original Raman system configuration including beam path illustration. 
 
 
Figure 13 Modified Raman system configuration including beam path  
illustration.  
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Figure 14: Photograph of entire system setup, including original and modified 
systems. 
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Figure 15  Photograph of 10X beam expander (made in-house). 
 
 
 
 
10X beam expander 
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Figure 16: Photograph of spatial filtering system consisting of Lens 1 (bottom- 
center) and a 20 μm pinhole (left-center). 
 
 
 
Pinhole 
 
Lens 1 
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Data Collection and Automation 
 To understand how the yield strength of Mo changes under temperature and pressure, 
ruby spectra was collected in a grid pattern covering a large portion of the area inside of a 
DAC. The pattern consists of 361 data points in a 19 x19 grid (fig. 17), each point 
representing a ~2 μm spot size. Each point is spaced 10 μm apart for a total collection area of 
180 μm x 180 μm. The grid is labeled relative to the center of the cell (x = 0 μm, z = 0 μm).  
The starting point for data collection is (x = -90 μm, z = -90) and the final point of collect is 
(x = 90 μm, z = 90 μm) as shown in figures 17 and 18. In preliminary experiments, the data 
was collected manually using a translational stage before the automated system (fig. 18) was 
developed and included.
1
 
 In order to maintain experimental consistency, a visual determination was used for 
centering and focusing on the DAC. A CCD was connected to a television monitor to 
produce an image of the DAC on the screen with the use of an external light source. The ruby 
within the DAC could also be imaged on the screen. The ruby was brought into focus on the 
CCD which is focusing point for data collection. The DAC itself was mounted on a 
motorized stage
a
 which was attached to three translational stages for 3 directions of 
movement (x, y, and z- axes).  The x and z-axes controlled the lateral movement of the DAC 
which was used to move the cell into the marked position on the screen. The y-axis 
controlled the movement parallel the beam and was used to focus the image on the 
CCD/television screen. Note that the system setup was designed to bring the beam into focus 
on the CCD and detector simultaneously. 
                                                          
a
 The motorized stage is actually comprised of two separate motorized stages with their own communications 
wiring but is generalized as one stage for simplification unless otherwise stated.  
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The automation process was started by moving the DAC into the correct position,     
(x = -90 μm, z = -90), using the monitor. This process is crucial due in part because of the 
nature of the coding/programming of the motorized stage, organizing recorded data, and 
reducing time of collection. To move to the correct position, the center of the DAC (x = 0 
μm, z = 0 μm) needed to be found. Using the monitor, the image was brought into focus. 
Using the x-translational stage, the DAC is moved so the marker is on top of one diamond 
edge of the crosshair (marker) on the screen. Using a digital micrometer (attached to the x-
axis stage), the width of the DAC is measured by first zeroing the micrometer on one edge. 
The x-stage is then moved via micrometer to the other edge so the crosshair is over the edge 
on the opposite side. This method yields the length of the DAC (~350 μm ± 1 μm) in the x-
direction (as well as the z-direction). To find x = 0 μm, the center of the cell, the x-axis 
length was divided in half and moved to that position. With the x-axis position located at x = 
0 μm, the z = 0 μm was found using the exact same method as before expect using a manual 
micrometer rather than digital. To ensure the center of the DAC was found, the x = 0 μm 
position was then re-measured. Once at the center position, the x-axis and z-axis stages could 
then be moved to the appropriate location (x = -90 μm, z = -90 μm). 
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Figure 17 A two-dimensional grid inside the DAC, where each point indicates a 
spot for data collection located a certain distance from the center 
position. 
 
Figure 18 Depiction of data collection from the automated system. The system 
collects data while moving from ①②, then moves to position ③ and again collects 
from③④, and continues the pattern until reaching ⑧. 
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Wiring and Programming for System Automation 
 The automated system was developed to eliminate manual handling of data 
collection. Manual collection, factoring in the time to move the stage and save the data, could 
increase the completion time for each experiment to 12 hours compared to 2.5 hours with the 
automated system. This is a general overview of the automated system developed by Crow 
(2013).
b
 The system can be split into two subsystems: one for data collection and the other 
for automating the collection of large amounts of data. The computers associated with each 
system will be labeled as WinSpec32 CPU for the data collection and Labview CPU for 
automated runs.
c
 The WinSpec32 CPU controls the spectrometer whereas the Labview CPU 
controls the motorized stage. The automation system is the intercommunication between the 
computers, motorized stage, and the spectrometer (fig 19). 
Each computer sends and receives information via their respective control boxes. The 
spectrometer control box contains the power supply for the spectrometer, communication 
ports, and control boards that link the spectrometer to the WinSpec32 CPU. The control box 
for the Labview CPU is a data acquisition (DAQ) board from National Instruments (NI-DAQ 
model PCI-6024E) with analog input/out (AIO) and digital input/output (DIO) that links the 
motorized stage to the Labview CPU. The spectrometer control box and the NI DAQ board 
serve as the communications link between both computers. 
The wiring for each control box is very specific in its purpose for the automated 
system. The spectrometer control box has two communications ports: an external trigger port 
and a scan state port.  The external trigger port is a TTL line that allows an external source to 
force the detector to collect data from the previously inputted WinSpec32 settings. The scan 
                                                          
b
 For more technical and detailed information on the automated system, please refer to reference 1, Crow (2013) 
c
 WinSpec32 is the original software package that came with the spectrometer from Princeton instruments. 
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state port is a communications line that sends a high (1) state during data collection and 
transitions to a low (0) state when finished. Both communications ports are connected to the 
NI DAQ board with a separate communication line that transmits the data to WinSpec32 
CPU. The NI DAQ board is connected to the Labview CPU by a flat communications cable. 
The NI DAQ board sends a signal from the CPU to the motor control box which supplies 
power to the motorized stage (via connection wires) telling it how far to move.  The NI DAQ 
board has two separate TTL lines: DIO line 0 is the external trigger and DIO line 7 is the 
scan state monitoring port. 
With the DAC in the correct position, the automation process begins with a series of 
input parameters. The WinSpec32 uses calibration files to match the correct wavelengths to 
the spectra obtained. Once the spectrometer was moved to 697 nm, the correct calibration file 
was selected, and the total collection time for each data point was set to 20 seconds. In order 
for WinSpec32 to be externally triggered, the timing must be selected for external 
synchronization or else automation will fail to start. The next step is to select the correct 
input parameters on the Labview CPU for the motorized stage. The starting point relative to 
the center of the cell is (x = -90 μm, z = -90 μm) but was determined that programming for 
the automation virtual instrument (VI) in the Labview program would be simplified if: X0 = 0 
μm, Xf = 180 μm, ΔX = 10 μm, Y0 = 0 μm, Yf = 180 μm, ΔY = 10 μm.
1
 The collection 
pattern will still be the same, the difference being the reference point of the cell versus the 
reference point of the motorized stage. Once the parameters are inputted, both the VI and 
WinSpec32 software must be initialized for the automation to begin. 
The automated system has a specific logic or flow progression as laid out in detail by 
Crow (2013). The VI goes through a system of initial checks to verify that X = X0 and Y = 
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Y0. If not, the Labview CPU triggers the x or y motorized stage, from the NI DAQ board to 
the controller, to move the DAC accordingly. Next the NI DAQ board sends a high state (1) 
signal to trigger the detector control box to collect data and the TTL line is immediately set 
back to (0). The control box of the spectrometer reads the high state (1) which triggers the 
spectrometer to collect the data for 20 sec and sends it to WinSpect32 CPU to be saved. 
When the spectrometer finishes collecting the data, it sends a high state (1) signal to the NI 
DAQ board’s CCD scan state line and immediately drops to a low state (0). This high state 
(1) signal is received by the Labview CPU which then triggers the motorized stage to move 
by X + ΔX and/or Y + ΔY via its control box.  Once completed, the Labview CPU triggers 
the detector to collect the data and the process is started all over again. 
 
 Figure 19 Schematic for wiring of automated system. 
Application of Ruby 
 A new method was developed in order to apply and distribute a thinner, more even 
layer of ruby powder. The method is termed “buttered-toast method” and was implemented 
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in this experiment successfully. The process is started by punching out a smaller sample from 
a 100 x 150 mm sheet of 0.127 mm thick molybdenum foil.  The circular disk is 
approximately 0.556 cm ± 0.0002 cm diameter and 0.127 mm thick. In order to have a thin 
layer of ruby micro-crystals on the surface of the Mo sample, the ruby had to be crushed into 
~1 μm size pieces in an ethanol solution using a mortar and pestle.1 Once dried, the easiest 
way to apply the ruby to the sample was to create a thick mixture of 2:1 ruby to ethanol 
solution using the mortar and pestle as a stirring apparatus. When mixed properly, a thin but 
dulled edge scalpel was dipped into the mixture allowing the ruby/ethanol paste to be spread 
evenly across the surface (fig. 20).  Another method used was to sprinkle dry, crushed ruby 
powder onto the sample, dip the scalpel in ethanol, and spread the mixture evenly onto the 
surface. In some instances, the micro-crystals would clump up causing uneven layers. If that 
happened, the scalpel was dipped into ethanol and used to evenly spread the crystals on the 
surface. Once dried, the crystals adhered to the surface of the Mo sample. A microscope was 
used to visually inspect the surface of sample. A well prepared sample, when inspected under 
a microscope, should have the following qualities: an even distribution of ruby micro-
crystals; slightly pink appearance (due to the ruby), and the light shining on the sample 
should reflect off of the metal underneath the ruby layer. 
 
 Figure 20 Method of applying a thin layer of ruby to the sample. 
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Heating System 
The heating system used in this experiment was the exact same system developed and 
used by Crow (2013). The system itself is comprised of a custom made ceramic heater, 
power supply, and a proportional-integral-derivative (PID) controller from Omega 
Engineering (CN7553).
d
 The PID controller monitors the temperature inside the cell and 
triggers the power supply on and off to adjust the temperature accordingly. It also connects to 
a CPU that allows users to vary the temperature within the cell. The CPU contains Labview 
software and software necessary for automated controlling of the temperature inside the 
DAC. The decision to use external heating rather than internal heating was a matter of 
availability of materials, feasibility, and costs.
1
 Resistive heating was used in order to 
generate higher temperatures in the sample inside the DAC.  
Resistive heating was carried out using a ceramic heater consisting of nichrome wire 
and Cotronics Resbond 920 ceramic (1600°C limit). The ceramic heater was chosen for two 
important reasons: The first is that the ceramic allows for a slower, more even 
transfer/distribution of heat throughout the DAC and sample. By heating the DAC slowly, it 
allows for it to come into a more stable thermal equilibrium with its environment. Without 
the ceramic, large temperature gradients would occur with the highest temperatures near the 
edges of the diamond where the nichrome wire sits. Because the heater sits next to the 
diamonds, without the ceramic, the wire could super-heat reaching high enough temperatures 
to cause potential damage to the sample and diamond (diamond-graphite transition).
1
The 
second important reason for the ceramic is that it prevents metal-metal electrical and thermal 
contact.  
                                                          
d
 For technical information regarding the heating system, including the PID controller, please refer to      
   reference 1, Crow (2013). 
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The circular, ‘C’ shape of the heater allows the diamonds and sample to sit in the 
middle of the cell which is optimal for even heating of the DAC. Ideally, the most effective 
shape to evenly heat the cell is a complete ring. Crow (2013) however found that a complete 
ring did not allow enough room for a thermocouple to be placed inside the cell next to the 
diamonds without destroying it. The first step to creating the heater was to bend the nichrome 
wire into a ‘C’ shape by hand using pliers. This technique, over a long duration of 
preliminary experiments, proved to be time consuming and inconsistent in terms of the shape 
and size of the heater. The frustration of lost time in making the heaters was cause enough to 
find a systematic and time effective way of bending the nichrome wire into shape. A template 
was created out of a wood block, several nails, and a metal dowel. The nails and metal dowel 
were hammered into the wood block so that the nichrome wire could be bent into the correct 
shape in a matter of second – using pliers to make minor corrections. After bending, the wire 
was flattened between a metal block and an even surface – pliers were also used if necessary. 
If the wire were to not lie flat when the ceramic was poured, it would lead to an uneven 
distribution of ceramic, thus significantly decreasing the effectiveness of the heater.  
Once the nichrome wire is bent into shape, the construction of the ceramic heater can 
begin. To prevent any metal-metal contact between the heater and the DAC, the nichrome 
has to be completely covered by ceramic. Insulated aluminum wire was used to create 
electrical leads to the heater. The connection was made by crimping the nichrome and 
aluminum wires using a piece of soft, electrically conductive metal. The wire arrangement 
was then taped to a tongue suppressor leaving the nichrome wire hanging off the edge. This 
provides space underneath for the ceramic to flow allowing for even thickness on both sides 
of the heater when the ceramic is poured. 
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A mold was needed to contain the ceramic when poured over the wire. Since Resbond 
920 does not bond to clay or plastic, the ceramic could be poured into a clay mold. Once the 
clay is rolled out thin enough and smooth enough the nichrome wire was pressed into the 
mold to create an impression. A sharp knife was used to cut out the impression and smooth 
rough edges of the clay mold. The clay mold was pressed onto a plastic sheet and wires taped 
into place to prevent them from moving. Resbond 920 has a 100:14 ceramic to water weight 
ratio which creates a thick paste mixture. The mixture was poured just enough to cover the 
wires. The ceramic-water mixture is very precise; too much water and the ceramic will not 
harden properly, too little water and the ceramic will crack during the curing process. After 
the mixture has set for 5-10 min. it should be dry enough to maintain shape after the clay is 
removed. After cutting the clay away, a sharp knife was used to cut away any excess and 
smooth out the top of the heater. If the heater is too thick, then the cell will not close, 
conversely if it is too thin then the heating system will not be able to maintain a constant and 
stable temperature. Air pockets have a tendency to form in the mixture and can be filled in 
immediately after it sets up and the mold is pulled away. If the air pockets are not filled, it 
could lead to catastrophic failure during heating. The mixture is left to set overnight with the 
curing process taking 24 hours.  
 
Figure 21 ‘C’ shape of nichrome wire used in ceramic heater.  
Nichrome 
wire 
Thermocouple 
opening 
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A K-type thermocouple is placed on the other half of the cell with the use of a 
microscope. A small incision was made in the epoxy that holds the diamond to the seat. This 
allows the thermocouple to lay flat against the diamond. The thermocouple is then put as 
close to the sample as possible, just below the culet, to monitor the temperature so the PID 
controller can heat the sample accordingly (fig. 22). The same epoxy used to adhere the 
ceramic heater to the other half of the cell is used to adhere the thermocouple making sure 
that the wires clear the heater opening. The cure time for the epoxy is approximately one 
hour but was normally left longer for assurance. From here on, the thermocouple and ceramic 
heater will now be simply referred to as the heater unless otherwise stated. 
 
Figure 22 Thermocouple placement below the culet plane. 
During the process of heating, many heaters were burnt up and destroyed. To save 
time and effort, another inspection of the heater was done to ensure the integrity of the 
heater. After closing the cell, the thermocouple was connected to the PID and the ceramic 
heater to the power source. The heater temperature was increased 323 K and left for one to 
two hours. In some cases the heater was then brought up to 373 K for 15-30 min. In any case, 
during the heating process, the heater temperature was raised slowly to the target 
temperature. It was discovered that if the system was allowed to heat too quickly, the 
electrical power would cause the ceramic and epoxy to over-heat causing burning/damage to 
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the heater. Once the heater was brought up to the target temperature, it had to sit for 
approximately one hour. This gives time to allow the DAC to come into thermal equilibrium 
and expand along with the holder and motorized stage. 
 
Figure 23 Picture of thermocouple (left) and ceramic heater (right) in the DAC. 
Automatic Pressure Changer 
 Manual handling of the Merrill-Bassett cell was not possible, therefore a new hands-
free device had to be constructed in order to change pressures. Originally, the manual 
pressure changer consisted of three hex keys attached to moveable gears. These gears were 
attached to a rotating circular handle which when twisted, would tighten/loosen the screws 
and consequently increase/decrease the pressure. The new pressure changer was nothing 
more than removing the handle of the manual pressure changer, replacing it with a motor, 
and attaching it to the gears for the hex keys (fig. 24). The motor was attached to a control 
box which allows the screws to move clockwise or counterclockwise. 
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 The pressure changer was very helpful in this experiment, but came with certain 
difficulties. In order to increase the pressure evenly within the cells, the three socket cap 
screws to the Merrill-Bassett cell had to be tightened evenly. The automatic pressure changer 
would only tighten the cell evenly to ~4 GPA. Beyond that, hex keys would start to slip and 
cause one or two sides of the Merrill-Bassett to tighten unevenly. Typically only data for two 
pressures was collected per run. Once the two pressures were attained, all three sides had to 
be checked and leveled (re-parallelized) again using a micrometer to check all three corners 
(near the socket cap screws) of the Merrill-Bassett cell.  
 
 Figure 24 Picture of automatic pressure changer. 
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CHAPTER 4: RESULTS AND DISCUSSION 
Introduction 
 According to its arrangement in the periodic table, molybdenum is classified as a 
transition metal. In nature, molybdenum comes in the form of molybdenite and is extracted 
as a by-product of tungsten and copper mining.
50
 The crystal structure of Mo is BCC with 
phase transitions at pressures and temperatures well above the range for this experiment.
9,51–
55
 Mo has a high bulk modulus and melting temperature which may make it of interest for 
use as a gasket material in high pressure and temperature studies. 
1,56–64
 
Table 1: Properties of Molybdenum  
Atomic Number 42 
Atomic Weight 95.96 g/mol 
Atomic Radius
65
 209 pm (Van der Waals) 
Electron Configuration [Kr]5S13d5 
Oxidation States
65
 6 
Melting Point
50
 2623°C 
Boiling Point
50
 4639°C 
Lattice Constant
56
 3.924 Å 
 
The molybdenum foil used in this experiment was purchased from Alpha Aesar 
(product #: 41764). The 150 x 100 mm foil has a purity of 99.95% (metal basis) with a 
thickness of 0.127 mm. Using a hand-held punch, small circular disks (fig. 24) approximately 
5.6 mm and 0.127 mm thick, were used to create the gasket material studied in this 
experiment.  
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Experimental Determination of Yield Strength 
 The technique used in this experiment to measure the yield strength is the pressure 
gradient method. This method is why non-hydrostatic conditions are necessary in this 
experiment. In the hydrostatic case, a pressure transmitting medium will distribute pressure 
evenly throughout the DAC. This even distribution will actually cause the gasket material to 
deform more than non-hydrostatic conditions. In non-hydrostatic conditions, uneven 
distributions or gradients of pressure will occur in the cell. The highest pressures will occur 
in the center of the cell and begin to decrease radially further from the center. Upon 
compression, the material will flow radially and begin to shear. The shear strength opposes 
the outward flow of material, consequently forming pressure gradients.
8
 If the pressure 
gradient, 
𝑑𝑃
𝑑𝑟
, and thickness, t, are known, then the yield strength, Y, can be calculated using 
the equation:
66–69
  
 𝑌 = 𝑡
𝑑𝑃
𝑑𝑟
 (4.1) 
The pressure gradient is determined from the ruby fluorescence collected at all 361 
data points (fig. 17). The ruby fluorescence (pressure) data is converted to a general text file 
using WinSpec32 software, and imported into Igor Pro (version 5.04B) software from 
WaveMetrics, Inc. The data is then converted into a three-dimensional wave so intensity vs 
radial distance can be plotted. The process of creating a wave and plotting the data can be 
quite tedious. Rather than handling each data point manually, a file loader
e
 was used to 
automatically import and plot the ruby data. 
For each data point plotted, Igor was used to find the position of the R1 line. As 
mentioned before, the R1 line has been heavily studied and following the method used by 
                                                          
e
 Credit Mr. Patrick Ryan Thomas for development of the Igor Pro macro. See Crow (2013) for details. 
39 
 
Crow (2013), to get a more accurate pressure measurement the R2 line was measured as well. 
Both R lines were fitted using the multipeak fitting package and Lorentzian fitting function 
with baseline. The Lorenztian function was used over Gaussian because it consistently 
produced the lowest uncertainty. The wavelength of each data point was then put into a table 
which calculated the pressure using equation 2.7. When all of the data is entered into the 
table, a pressure vs. radial distance graph was plotted. The plot is used to determine the 
maximum pressure in the cell and the pressure gradient.  
Pressure as a function of position was reduced to pressure as a function of radial 
distance
1,70
 in order to obtain the yield strength: 
 𝑟 =  ((𝑥 − 𝑥0)
2 + (𝑧 − 𝑧0)
2)
1
2⁄  (4.2) 
where x0 and y0 are the initial locations at the center of the cell, x0 = 0 and y0 = 0. Equation 
4.2 reduces to: 
 𝑟 =  (𝑥2 + 𝑧2)
1
2⁄  (4.3) 
After fitting the R lines for all 361 data points, the pressure gradient was determined using a 
least squares fit (fig. 25) in Igor Pro. 
The other two types of graphs used in this experiment were contour plots and surface 
plots (fig. 26-28). These plots were used as a method of locating the highest pressure within 
the DAC. It was expected for the highest pressure to be located at the center of the cell (r = 0 
μm), however in many cases, the highest pressure was not located at the center. For example, 
in figure 26 the highest pressure is not located at the center of the cell. In order to center it at 
r = 0 μm, first the x-position was shifted by Δx = 10 μm so the new x-axis range is from -80 
μm to 100 μm (fig. 27) instead of -90 μm to 90 μm (fig. 17). Next the z position was shifted 
by Δz = -10 μm so the new z-axis range is from -100 μm to 80 μm (fig. 27) instead of -90 μm 
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to 90 μm (fig. 17). The results can be seen in figure 25: the graph on the left with the highest 
pressure not at r = 0 μm has a higher uncertainty than the graph on the right with the highest 
pressure centered at r = 0 μm. Thus we can reduce the uncertainty of the pressure gradient,
𝑑𝑃
𝑑𝑟
, 
by centering the highest pressure at r = 0 μm. After calculating 
𝑑𝑃
𝑑𝑟
, the next step is to 
determine the thickness of the gasket. 
 
Figure 25 Example of a 
𝑑𝑃
𝑑𝑟
 plot with the highest pressure located at r ≠ 0 μm 
(left) and r = 0 μm (right). 
 
Figure 26 Example of contour plot associated with figure 25 (left plot) where the 
highest pressure is located at r ≠ 0 μm. 
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Figure 27 Example of contour plot associated with figure 25 (right plot) where 
the highest pressure is located at r = 0 μm. 
 
 Figure 28 Surface plot associated with figure 26. 
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Thickness Measurement 
 Upon finishing collecting the data for the highest peak pressure at 293 K, 323 K, 
373K, and 423 K, the gasket material was taken out of the DAC to measure its thickness. 
This experiment used two methods to determine the thickness of the sample. The first 
method involved placing the center of the indented gasket material between the tips of a 
micrometer with 0.5 μm uncertainty. After each measurement the thickness was recorded and 
then the micrometer was zeroed. This was repeated several times for each gasket and the 
results averaged.  This method is used as a general comparison to the other method of 
thickness determination.   
 The second method used in determining the thickness was using thin film 
interference. After measuring the thickness of the indented gasket using the micrometer, a 
hole was drilled in the center using a custom made electric discharge machine, (EDM).
71
 
Once the hole was drilled into a circular shape, it was placed back into the DAC and closed 
without squeezing the sample. The interference pattern (fig. 29) was obtained by placing a 
white light source behind the DAC shining toward the spectrometer. The gasket causes the 
diamond culets to be separated by the gasket thickness.  When white light passes through this 
thin film of air, an interference pattern, much like one from an oil slick on water, appears.   A 
spectral measurement of the light transmitted through a thin film allows for one to determine 
its thickness, according to the following formula: 
 𝑡0 =
Δ𝑚
2𝑛Δυcosθ
 (4.4) 
Where t0 is the thickness of the gasket, Δm is difference of the order of the maxima, n is the 
index of refraction of the thin film, Δν is the separation (in cm-1) between the centers of 
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interference maxima, and θ is the angle of incidence. Equation 4.4 can be simplified1 for Δm 
= 1, n (air) = 1, and θ = 0. Equation 4.4 is therefore reduced to the following: 
 𝑡0 =
1
2Δυ
 (4.5) 
The positions of the center for each interference maxima were found by using the multipeak 
package with Lorenztian fitting function in Igor Pro. The distance between the centers of 
maxima were then put into equation 4.5 to determine the thickness of the gasket at STP. 
Once t0 is calculated, it will be used in an equation of state to calculate the thickness as a 
function of temperature and pressure. 
 
 Figure 29 Interference pattern generated by the hole in the center of a sample. 
 When the gasket is no longer subjected to pressure, it still retains some elasticity 
which causes the thickness, t, to increase to thickness, t0, calculated in equation 3.4 where t0 > 
t (fig. 30). Because in situ determination of gasket thickness can be difficult, if at all reliable, 
an equation of state is needed to relate the gasket thickness under high pressure and 
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temperature to its thickness under ambient conditions. For this reason, the Birch-Murnaghan 
equation of state (EOS)
72,73
 was used.  
 
 Figure 30 Gasket thickness under pressure, t, and at STP, to. 
 The Birch-Murnaghan EOS is a finite strain equation of state that is often used in the 
high pressure community.
72,73
 The EOS is given by: 
 𝑃 = 3𝐾0𝑓𝑣(1 + 2𝑓𝑣)
5
2(1 + 𝛼𝑓𝑣) (4.6) 
 𝑓𝑣 =
1
2
[(
𝑉
𝑉0
)
−
2
3
− 1] (4.7) 
 𝛼 =
3(𝐾′ − 4)
2
 (4.8) 
Where K0 is the bulk modulus, K’ is the pressure derivative of the bulk modulus, V0 is the 
initial volume, and V is the volume at a particular pressure. Equation 4.6 can be simplified 
under the assumption that the only parameter changing is the thickness of the material. This 
is the case for the present study, because the area of the diamond culets remain more or less 
constant under compression.  In this case, equation 4.7 reduces to
1
  
 𝑓𝑣 =
1
2
[(
𝑡
𝑡0
)
−
2
3
− 1] (4.9) 
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 The thickness was calculated using equations 4.6, 4.8, and 4.9 in Igor Pro using a 
modified macro (see appendix B) originally created by Crow (2013). This macro accounts for 
the change in bulk modulus at different temperatures and pressures. The macro starts by 
calculating P from t0, and continues to increment t0 by t0 + 0.01μm to a specified thickness t. 
Because the peak pressures have been determined experimentally, the thickness associated 
with the particular pressure is then used to calculate the yield strength using equation 4.1. 
Mo at 293 K 
 Mo was subjected to multiple pressures ranging from 1- 20G GPa. At the maximum 
pressure, 19.77 GPa, the gasket was taken out of the cell to measure its thickness. Using the 
interference method, an average thickness of 23.89 μm was recorded. At 293 K, the yield 
strength as a function of pressure, measured in GPa, is given by the equation, Y = 0.10P – 
0.11 GPa. These results differ significantly (~ 30%) from Duffy et. al. (1999),
74
 Y = 0.13P + 
0.46 GPa, and Jing et. al. (2007).
75
 Y = 0.14P + 0.48 GPa. Referring to previous data,
75
 such 
a large discrepancy appears to be the result of the thickness measurement.  
The error may come from the interference method. If the cell is not closed, or 
possibly closed too much – inducing pressure on the sample – it would either give a higher or 
lower limit to the sample thickness. Another possibility may come from drilling the hole in 
the gasket. When using the EDM, a lip is formed on the surface of both sides of the gasket. If 
this lip is not removed it could contribute to the error indicating a larger thickness. The last 
possibility is that the hole drilled in the center of the gasket is not where the highest pressure 
gradient is located. As a consequence, the thickness measured using the interference method 
may in fact be larger as well. 
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Table 2     Mo at 293 K 
Pressure (GPa) dP/dr (GPa/μm) Thickness (μm)  Yield Strength (GPa) 
1.49 ± 0.02 0.0030 ± 0.0001 23.76 ± 0.01 0.071 ± 0.004 
4.33 ± 0.01 0.0117 ± 0.0002 23.51 ± 0.01 0.275 ± 0.006 
6.71 ± 0.02 0.0232 ± 0.0003 23.32 ± 0.01 0.541 ± 0.008 
10.58 ± 0.01 0.0412 ± 0.0008 23.02 ± 0.01 0.948 ± 0.020 
13.03 ± 0.02 0.0537 ± 0.0011 22.84 ± 0.01 1.123 ± 0.025 
19.77 ± 0.71 0.0816 ± 0.0015 22.38 ± 0.01 1.83 ± 0.035 
 
 
 Figure 31 Plot of yield strength versus pressure at 293 K.  
Typically the Birch-Murnaghan EOS is used to calculate pressures along isotherms. 
Because this experiment involves higher temperatures (> 300 K), a modification of the Birch-
Murnaghan EOS had to be used, specifically the effect of temperature on the bulk modulus 
had to be accounted for.
76
 
 𝐾𝑇 = 𝐾0 +
𝜕𝐾
𝜕𝑇
(𝑇 − 300) (4.10) 
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Where K0 is the bulk modulus at T = 300 K, 
𝜕𝐾
𝜕𝑇
 is the temperature derivative of the bulk 
modulus, and T is temperature. In this experiment K0  = 265 GPa, 
𝜕𝐾
𝜕𝑇
= −0.0213 
GPa
𝐾
,  
𝜕𝐾
𝜕𝑃
= 4.05.f  In his experiment, Crow (2013) was able to use data from other sources which 
calculated the pressure derivative of the bulk modulus, K’, of tantalum as a function of 
temperature. There exists no similar study for Mo, so for this experiment the pressure 
derivative of its bulk modulus is assumed to be constant from 293 K – 423 K. Equation 4.10 
gives rise to the idea of thermal softening of a material subjected to high enough 
temperatures.
76
 At 423 K, the bulk modulus is expected to decrease from 265 GPa to 256 
GPa. As the temperature increases, it is expected that 
𝑑𝑌
𝑑𝑃
  will decrease. 
Mo at 323 K 
 Once the sample was brought to 323 K, it was compressed to pressures ranging from 
7-15 GPa. After data collection at a maximum pressure of 14.96 GPa, the sample was 
decompressed and then taken out of the DAC to measure its thickness. At STP, the average 
thickness using the interference method was 24.08 μm. Using the equations 4.6, 4.8, and 4.9 
to calculate the thickness as a function of pressure and temperature, at 323 K, the yield 
strength as a function of pressure, could be calculated.  The result is, with Y and P measured 
in GPa, Y = 0.10P – 0.21 GPa. This equation points to the conclusion that the equation for 
293 K is possibly an underestimate for 
𝑑𝑌
𝑑𝑃
. 
 
 
 
                                                          
f
 All values are either averaged or taken directly from the data provided by Zhao et. al. (2000) 
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Table 3     Mo at 323 K 
Pressure (GPa) dP/dr (GPa/μm) Thickness (μm)  Yield Strength (GPa) 
7.63 ± 0.02 0.0241 ± 0.0006 23.43 ± 0.37 0.564 ± 0.022 
9.79 ± 0.02 0.0308 ± 0.0007 23.26 ± 0.37 0.716 ± 0.028 
10.41 ± 0.03 0.0416 ± 0.0006 23.22 ± 0.36 0.966 ± 0.029 
14.96 ± 0.03 0.0573 ± 0.0007 22.88 ± 0.37 1.311 ± 0.038 
 
 
 Figure 32 Plot of yield strength versus pressure at 323 K. 
Mo at 373 K 
 The sample was brought up to 373 K and data was collected for pressures ranging 
from 5-13 GPa. At STP the interference method measurement gave a value of 24.90 μm. At 
373 K the yield strength as a function of pressure, measured in GPa, is given by the equation, 
Y = 0.09P – 0.08 GPa. These results indicate that the yield strength of Mo has decreased as 
temperatures in the DAC begin to increase.  
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Table 4     Mo at 373 K 
Pressure (GPa) dP/dr (GPa/μm) Thickness (μm)  Yield Strength (GPa) 
5.04 ± 0.03 0.0145 ± 0.0004 23.65 ± 2.04 0.343 ± 0.041 
7.40 ± 0.05 0.0249 ± 0.0006 23.46 ± 2.03 0.584 ± 0.067 
9.63 ± 0.03 0.0379 ± 0.0007 23.29 ± 2.01 0.883 ± 0.095 
10.06 ± 0.04 0.0391 ± 0.0007 23.25 ± 2.01 0.909 ± 0.0966 
12.72 ± 0.07 0.0473 ± 0.0007 23.06 ± 1.99 1.091 ± 0.112 
15.25 ± 0.08 0.0566 ± 0.0009 22.87 ± 1.98 1.294 ± 0.135 
 
 
 Figure 33 Plot of yield strength versus pressure at 373 K. 
Mo at 423 K 
 The following pressure ranges, 9.5-14 GPa, were applied to a Mo gasket at 423 K. 
Upon compression and collection of the data at a maximum pressure of 13.57 GPa, the 
sample thickness was measured at STP. The interference method used to measure the 
thickness was 25.6 μm. At 423 K, the yield strength as a function of pressure, measured in 
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GPa, is given by the equation Y = 0.08P +0.08. This result indicates that  
𝑑𝑌
𝑑𝑃
 has further 
decreased from 323 K to 423 K.  
Table 5     Mo at 423 K 
Pressure (GPa) dP/dr (GPa/μm) Thickness (μm)  Yield Strength (GPa) 
9.83 ± 0.11 0.0365 ± 0.0007 24.73 ± 0.70 0.903 ± 0.044 
11.14 ± 0.08 0.0389 ± 0.0006 24.62 ± 0.70 0.958 ± 0.043 
12.00 ± 0.04 0.0388 ± 0.0005 24.56 ± 0.69 0.953 ± 0.040 
13.57 ± 0.16 0.0496 ± 0.0007 24.43 ± 0.69 1.212 ± 0.053 
 
 
 Figure 34 Plot of yield strength versus pressure at 423 K. 
Discussion 
 The data from this experiment shows that there is a slight decrease in the yield 
strength of molybdenum metal gaskets at higher temperatures and significant increase at high 
pressures (fig. 35). These results confirm the that yield strength of Mo should decrease with 
increasing temperatures
76–78
  and increase with increasing pressures.
1,64,69,79,80
 Further work 
needs to be done on Mo at these specific isotherms to confirm the results of this experiment. 
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Also, additional work at 293 K may need to be carried as well to confirm the lower yield 
strength limit. The studies on the yield strength of Mo gaskets should also be carried out at 
higher temperatures (above 423 K) to further increase the knowledge of gasket failure. 
It may also be beneficial to further develop  methods
75
 that can measure the in situ 
thickness of different gasket materials. Jing et. al. (2007) have proposed such a method that 
involves measuring the distance between two markers attached to the sides of diamond 
anvils. The distance between these two markers yields the in situ thickness of the gasket 
material. If this method can be refined and its validity tested, it could be used as a 
comparison to the Birch-Murnaghan EOS or replace the extrapolation method altogether. 
 
 Figure 35 Plot of 
𝑑𝑌
𝑑𝑃
 at 293 K, 323 K, 373 K, and 423 K.  
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APPENDIX A 
EQUIPMENT LIST
1
 
Raman System: 
Laser: Laserglow Technologies Low-Noise Diode-Pumped Solid-State (DPSS) 532 nm laser. 
 Model LLS-053-WFM-00200-05 
Spectrometer: Princeton Instruments Acton Pro i500, 0.5 m spectrometer 
 Grattings 2400 lines/mm, 1200 lines/m, 300 lines/mm, Model i500 
Raman CCD: Princeton Instruments SPEC-10 LN, liquid nitrogen cooled CCD, backlit 
 1024 x 100 pixels, Model 7346-0005 
Imaging CCD: Sony, model XC-ST70 black and white CCD 
Beam Expander: Custom made in-house, 10x beam expansion. 
Spatial filter: Thorlabs 20 m pinhole, model # P20S 
CCD Software: WinSpec32 
 
Raman Automation and Heating: 
Interface: National Instruments data acquisition board (DAQ) model # BNC-2090 
Communications: National Instruments PCI card model 6024E 
Motor driver: National Instruments Nudrive 
PID: Omega CN7553 
Power Supply: Kepco ATE 6-25M 
Translation Stages: Unknown 
 Software: National Instruments Labview 6.1 
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APPENDIX B 
THICKNESS CALCULATION MACRO 
The following code was used in Igor Pro software to calculate the thickness: 
Macro thickness(k_0,Kprimetemp,Kprimepress,T,t0) 
variable k_0,Kprimetemp,Kprimepress,T,t0 
 
Make/N=500 Pr,th 
Variable a,fv,k,m=0 
a= 1.5*(Kprimepress-4) 
do  
  k=k_0 + Kprimetemp*(T-300) 
  th[m] = t0 -0.01*m 
  fv=0.5*(((th[m]/t0)^(-2/3))-1) 
  Pr[m] = 3*k_0*fv*(1+a*fv)*(1+2*fv)^(2.5) 
  m+=1 
   
While(m<500)   
 
Edit Pr,th 
 
End 
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